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Abslract

ICE and 1MP-8 magnelic field data {ronm 1984-1988 have heen analyzed in a
magnetic coordinate sysiem delined }>y the orientatior s of the solar magnetic clipolc. The
110]i01)1agncticla{itudc dependence of the radial component of the magnelic ficld (Br) has
then been investigated in the range o{magncticlatitudcs (rem 60° shove and below the
hcliospllcric current sheet (1 1CS). Br reverses sign abruptly across the current s]mcct,
consistent with the solar magnetic field models of Pneuman and Ko oo [1971] and
Wolfson M 985] but inconsistent with the source surface modc]s[} ].oc]azsema,]986].N0
evidence is found for an asymmetry in the magnetic ficldsuggcstcd l)y carlier studies of
intcrp]anclary magnelic field data [l .uhmann, 1987, Durton, 1990]. A slight (~.03nT
per degree) latitude gradient has been found which is consistent with the MH1) model of

Pneuman and Kopp and the recent model of Zhao and 1 ]oclescma[] 994].




Introduction

Various approac]"le:lﬂavc been taken to glol')a”y map the observed p]lo{osplmric
magnelic ficldinto the corona. When extrapolated iniointerp]anctary space, these models
can Je comparcclwiuln observations. Hach model prcclicts how {}wlnagnctic ficld will vary
with latitude and the nature of the {icld rotation acioss the 1 ICS or sector 1'>ounclary.
Source sur hce mo deb vhik require that at some distance from the sun the ficld
becomes C]]Urclydi} I are most widcly used and have been successful at prccliciing the
hcliospl]cric current shect location (1 Jocksema ct al.,],982] and orieniation [Burton et
a]., ]994«]. At distanccs al')ovc the source surfacc t}wsc modcls do not accuratc]y prcc]icl
theficld magnitude nor do they predict the rapid field reversal seen at sector boundaries.
More recent modifications to these models, including the effect of the hc]iosp}wric current
S])cc{, have been made in lig}d of the incoming Ulysscs higlx—]a{i{udc observations [cf.,
Zhao and ]]oe]:zscma, 1995]. Wolfson [ 1985] dcvcloped a coronal magnetic field model
With volume and sheet currents tllroug]'l a purc]y static solution to the MDD equations.
The model predicts a constant field magnilu(le with latitude, aljrup‘t]y reversing sign at the
llcliosp}lcric current sheet. These solutions can he comparcd to the classic work of
Pneuman and Ko,,[1971] who solved the steady-state MI 1) prol)]cm iteratively to
obtain a sdZconsistent so ution in w hicmagnetic force, gas pressure, gravily and solar
wind acceleration everywhere satisfy the momentum equation. The solution results in
volumc currents throughout the corona as well as current sheets separating oppositely
directed field lines. This model predicts an al')rupt reversal in the sign of Br at the current
sheet, a slight positive gradient with latitude near the equator asymptoticlly approachin,a
constant value over the poles. The relative variatior: in radial magnetic ficld at large
distances for these three models is shown schematiclly figure 1 from Wolfson [1 985).

The models mentioned here arc l,)y no means an cxhaustive list.



Comparisons between U]ysses al ]w]iograp}li(]aLitudcs from 30°10 81° south and
IMP-8 near the ecliptic planc show little,if any, evidence of alatitude gradient in 10119-
term (3 solar rotalion) averages of the radial component of the field (Sm ith,]995]. The
alnsenced a strong latitude gradicnt imp fes the dominance of the ficld 1)y the ]w]iospkcric
current sheet. "hat comparison was mdae W 1én Ulysses reached latitudes beyond that
occupicd l)y the current sheet and cxclusivc]y negative magnetic field polarity was observed.
Ulysses ohservations were compared with data {rom negative seclors at IMP.8. A]tllough
the gra(licnt at high latitude is small and the field is dominated 1)y the T1CS, the guestion
of how the ficld varies with magnelic latitude near the solar equator was not addressed. In
the following, we use in-ecliptic data from ICE and IMP-8 to study this issue in the near-
cqualorial region.

Previous investigations of the latitude (}cpcnd(‘ncc of the interplanetary magnetic
field near the cclipiic p]anc suggcstcd an asymmetry in the slrcngtlx of the ficld between
the northern ancl southern 1lcmisp]1crcs. In a comparison of Pioneer Venus OrLiter at
0.7 AU and 1 SEE-3 at 1AU, Luhmann ct al. [1987{ound that the magnitude of the
radial component of the field was asymmetric ancl Lest modeled })y a heliolatitude (0)
dependence: Br = (1- .8 sin(]). Burlonetal.,[1 990] also found that an asymmetric
magnetic ficld yielded the best {it to a comparison of 1 SEE-3 and IMP-8 observations,
both at 1 AU. Neither of these models showed comp]cte agreement with the data.

In this study we have analyzed 1CHand IMP-8 data at 1 AU in hcliomagnetic
coordinates ah';’;n‘ewiih the solar magnetic dipole, the coordinate system most likc]y to
"organize" the hcliosphcric magnelic ficld. As Sniith [] 995] points out, the radial
component of the magnetic field (13r) merits special attention since it is representative of
t}lcmagnctic ficld in the source region of the solar wind. Inorder to compare with
existing solar mdds we have investigated how Br varies with magnetic latitude. In

particular we will 1) investigate the nature of the magnetic ficld rotation across the



]lc]iosp]lcric current skeet, i.e.., whether the field reverses abrupi]y or smoothly across the
seclor })oun(lary, 2) assess any cvidence for an asymmetry in the magnetic field between
the northern and southern hemispheres, and 3) assess any evidence for a gradient in the

field s{rcngth with magnetic latitude.

Ana]ysis

The orientation of the solar magncticdpdé\h iclines the coordinate syslem
was determined graphically (rem the source surface neutral line contours of ocksema
[1 986]. The longitude of the solar dipole is assumed to he 180° from the midpoint of the
intcn-sections fo the asccﬁimg and descending neutral line contour “L;f'u zero degrees
heliographic latitude. The colatitude of the dipole is simply the pscudoinclination of the
neutral ]inc, ie., the average of the maximum extent of the neutral line into the southern
and northern hemispheres. The neutral lineis assumed to be planar and orthogonal to the
dipole axis. These simp]if'icaiions result in a highly idealized version of the neutral line
contour varying sin usoi aﬂy over a so dr rotation. The advantage of this approach is
computa{ional simplification, since t 1e magneiiclﬂilhu’c can be determin cd {rom only
iwo parameters per solar rotation, the dipole longitude and the pscuc]oinc]ination. An
example is shown in figure 2{or Barrington rotation 1753 in 1984. The neutral line zero
crossings arc at 160° and 320° Barrington longitude respectivelyw 1xc implies that the
solar dipole is at 60° Barrington longi tude. T]’lcpseudoiuc]ination (co]ati{ude) for this
solar rotation is 413°. The resu]ting idealized neutral Jine used to determine the magnetic
Jatitude is shown in pancll').

1CH and IMP-8 data from the minimum and the ascending phase of Solar Cycle
22, 1984-1988 were used for this slucly. The delay {yom the source surface to 1AU was
calcwlatedtaaliiwg into account both the ]ongitudc sep aralion of the spacecraft and earth

and the transit {ime from the source surface to 1 AU using the measured solar wind



vel ocity. Since the 1 SE E-3 velocity measurements are not readily avaibble, a fixed delay
was usecd for that spacecra {i. Time series of the radial component of the magnetic field
and i]lemagnotic latitude of the spacecraft wereinspectedd . Formore than 80% of the
examp]cs reversa i the sign o { Br occurred withinths cc days of the predicted crossing of
7610 (lcgrcc magnetic atituug] inc icating the method is eflective in predicling the location
of sector boundaries. In addition, solar wind p]asmal»aramctcrs (not shown) measured at
IMP-$ show a magnetlic latitude (‘lcpondcncc similar to previous studies [Zhao and
“.un(”muscn, 1981 and Bruno et a]., 1986] i.e., a minimum in vc]ocity and temperature
and a maximum in densily al zero Acgrccs magnetic latitude. These qualitative
agreements give cothi ic ence in the method used to determine magnelic latitude.

1 ]our]y averages of Br were hinned in five dcg) cc hcliomagncticlatitudc intervals.
The signed value of 3r was usedin contrast tothe carlier study by I.uhmann who used the
magnitude. Since there is certain amount of errorinherent in estimating the sector
})oundary location, a scheme was used to avoid inclusion of data points from the “wrong”
magnetic sector which would arlificia]]y]owcr the Liuavcragc ky summing positive and
negative val ues of Br from opposite sectors. T]wcpolarity of tile magnetic field was
calculated forcach hourly average. Those values wit]nam})iguous po]arity (the magnetic
field vector lies outsicc 60° cone angle of the inward or outwarcl Parker spiral direction)
were not incudedn the bin average nor were data pointsfor whichthe calculated polarity
had the wrong Sign.

The results obtained using 1CH and IMP-8 data arc showniin figure 3 for cach of
the years 19841-88. The data points represent {ive degree magnetic]atitudc bin averages
andhe error bars arc thestandard error. The agrecement is quite goo(] between ICE
(closed circles) and IMP (open circles). Qua]ita{ivc inspection of this figure reveals several
features. 1) An abrupl reversal of the field occurs across the }w]isop]lcric current sheet.

2) No evidence for an asymmetric magnelic {ield is su ggcslecl; the field is rough]y the




same magnitudc above and below the current sheet antt 3)A small positive gradicntin Br

with]ali{u(lc exists.

],)iSCLlSSiO]I Zl‘ll(l CO]IC]USiOIlS

Magnetic coordinates have been found to give a hig}x dcgrcc of organization to
solar Win(lp)!asma parameters in previo us stuc jeshut no similar siuc]y has prcvious]y been
carried out br the magnelic ficld. Zhao and 1lundhausen [1 981] used a tilted magnelic
coordinate system to investigate the magnetic latitude (lcpcndcnce of solar wine!
paramelers for six solar rotations in 19741 when the solar wind displayed a simple tilted-
(1ipo]c configuration. Ana]ytica] expressions for thcdtpcndence of the various solar wind
parameters on magnetic latitude were derived. In another study, using 1 Ielios-1, Helios-2
and IMP-8 datafrom 1976-77, Bruno[l 986] investigated the dependence of solar wind
parameters on angulaﬂistance [rem the current sheet. T}lc}lcliosp}]cric current sheet
was found to have a strong influence in organizing solar wind parameters. The velocity,
density and temperature were found io Lave a strong la{itudina]gfradicnt whereas other
parameters inc]uding the magnetic energy dcnsity were found to have no variation with
latitude.

Since the range ofllcliograp}liclatiiudcs investigated in this study is sma”, short-
term (hourly) averages have been used. As pointed out by Hundhausen[1978] ally
evidneeedoatituc ianvhriations in so lar winclparam(rters arc difficult to observe in solar
rotation averages of data unless the spatial variation is simply organizcd shout the solar
equator or the range of latitudes covered in the analysis is largc. A]t}mugh the discussion
of 1 Jundhausen is applied to the solar wind velocity, it could just, as easily be applied to
latitude variations in the magnetic field. As Hundhausen points out, a wide class of
possible spatial variations is virtually undetectable in the lol]gitucle-averaged parameters

observedover i imite dnear-cquatorial latitude range. A]t]mough 3-solar-rotation averages




at Ulysses show mno cevidence of a latitude depcnd(-ncc, ]ong-tcrm averages yield no
information on tlneu&tpcméncc cm magnelic latitude since t}mfu”rangco{ magnetic
latitudes are sampled during asolar rotation. The problem reduces 1oan investigation of
i]lcdepcn(lcncc 011 heliographic latitude, a distinet pro];] drom what is considered here.

A]tlloug}] none Of the solar models prcclictalincar variation inficld strength with
latitude, visual inspection of figure 3 suggesls it is a reasonable fit to the data for the
rangcof latitudes investigated in this study. The slopes, intercepls and correlation
cocficients or aificarit t the bin averages arc s lown in Table1 separately for positive
and negative sectors {for each year. The average value of Brin positive and negative
sectors is also shown. l.isted in the last colunun is the average standard error for each year.

The slopes arc consistently positive in both hemispheres at both ICH and IMP-8
{or each of the {ive years of the Stu(]y.T}\c average va nf: ahe slope over the five year
pcriocl is 0.03 nT/ 0. A]{houg]'l there is no systematic variation in the slope from year to
year, the data suggest a solar cycle dependence with a slightly stronger gradient near solar
minimum, 1985-6.

Inspection of Table1 reveals that the awn-age values of Br for positive and negative
sectors agree remarabyllvan four out of {ive years the difference between the average
valuein the positive and negative sector is within the average standard error for that year,
strong evitence dr the absence of an asymmetry in the field magnitude.

In figure 4 the results of this study arc compared with existin,models. Data from
all five years of the study arc superposccl 011 the predicted relative variation in Br. The
a})rupt reversal in the sign of Br is also consistent with the current sheet model of Wolfson
and the M1ID) model of Pneuman and Kopp, but inconsistent with the gradual variation
that typifies the source surface moct 3 The observed gradient in Br is qualitatively

. -1 5 - -
consistent wit1 that predicted })y the Pneuman and Ko,. mode] and consistent with




recent model s mdifi ¢ to account br the recent U]ysscs Lig]n—]a{iludc o})scrva{ions, [cf.,

Zhao an(l]]oclzscma, 1995].

The absence of an asymmetry in ficld slx'englll hietween the northern and southern
hemispheres contradicts the earlier studies of interplanetary data. The nature of the
gradicnt is also inconsister W with that prcdiclccl l)y Luhmann. For that model, not on]y is
the fic]dstrongcr in one LCI]liSp}ICI‘C, ;Lliﬂﬂc(gra(:i‘c:jﬂ reverses sign al the sector })oun(laly,
in&cating that the field gets wea zer lowarcl the pole in one hemisphere and slrongerin the
other. The cause of these inconsistencies isuncertain at present but is prcsumal)ly a
consequence d the analysis approach that was used. We have concentrated on Br rather
than |Br| crr other possible choices and have avoided averaging over intervals containin'g
multip]c current s 1cel crossings.

During the intervald this siucly, solar minimum and the asccncling phase of the
solar cycle, the dipole ierm is the dominant component in the expansion of the solar
magnetic field. This is con{idn})y the two-sector structure observed in the polarity
patiern of the interplanetary magnetic field data (not shown). Our method of
determining magnetic latitude relies on sim plification of the actual source surface neutral
line contour inio a neutral line that represents on]y the dipole term. The merit of this
nlcdl()(lC(]Can((lS on the strength of the dipole term re ative to the Lig}mr od er terms in
the spherical harmonic cxpansionof the solar magnetic field. Alt]’mug]l cluring much of
the solar cycle the simp]c notion of atilted (]ipo]c is inicorrect, near solar minimum, the
c]ipo]c is the dominant term ana our simplification should prove agoo(] approximation.
Whether or not our rcsu]ts apply to other p}lascs o{ t}le so]m‘ cycle remains to })c

invcstiga{cd.
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Table 1. Slope, intercept and correlation coefficient (r) {for a linear {it to dataabove and
below the current sheet separately for cach year. The average valudor cach scctor is also

shown. The last column is the average standard error for the year.




~positive negative
Year s]ope intercept r Slope intercepl r s.c.
(n17/°) (nT) (n1/°) (1)
84 027 3.52 .60 011 -4.54 29 29
85 021 2.83 55 .040 2.07 .62 23
86 041 2.59 .60 .046 -2.24 .69 24
87 .040 2.61 .63 .025 -3.12 .36 29
88 024 2.50 .59 .028 -2.91 36 41

Table 1




Figurc Capticms

Figure 1. From Wollson [(1985] comparing {he variation in Br for three solar magnelic
ficld modets. The ficld associated withthe source surface model varies gradually as the
sine of the solar latitude. TLc model of \X/o]fson,whic}x includes the current s}wel,
prcdicls a conslant ficld magniluce W licreverses ah upt]y at the scclor })oun(lary. The
M 11 1D model of Pneuman and Kopp [ 1921] prcclicts both a slronger field at Lig}l latitude

andan abrupl reversal of the field across the current shicet.

}q‘igm‘e 2a. Source sur face neutral line contours [}]()clzscma, ]986] used to determine
magnetic alitu ct . Barrington rotation 1 753in1984 is shown. Thesinusoidal variation
ol the neutral line is characteristic of that part of the solar cycle when the dipolc term is
dominant. T}mlongitudc of the dipole is assumed to bhe 180° {rom the midpoint between
the ascending and descending crossings of the neut ral line contour with zero degrees
latitude. For thissolar rotation it is at 60° Carrington longitude. The colatitude of the

solar (lipo]c is cqua] to the pscucloinclination, 43°,

Figure 2b. The idealized neutral line topology derived from the source surface contour of
panel a.

Figure 3. Five degrec magnetic latitude bin averages of the radial component of the
magnetic {icld from 1C¥ (closed circles) and 1 MP-8 (open circles), both at 1AU. The
data is shown separately for the years 1.984 tlxrough 10988. The error bars denote the
standard error of thebin. The dashed lines are the averages for cach sector.

Figure 41.  Similar toligure 3 except here data (rem all years 1984-88 are plotled onthe
same pancl. Lincar fits to the data (dashed line) give Br= .027(0) 4 2.87 and Br=
.032(0) - 3.08 (where 8 is the magnetic latitude) {ordata shove and below the current

sheet respective]y).\lso shown arc the field variations characteristic of the models of
Wolfson (solid linc) and the M 11D model of Pneuman and Kopp.
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